DNA-DNA hybridization (DDH) has been used for nearly 50 years as the gold standard for prokaryotic species circumscriptions at the genomic level. It has been the only taxonomic method that offered a numerical and relatively stable species boundary, and its use has had a paramount influence on how the current classification has been constructed. However, now, in the era of genomics, DDH appears to be an outdated method for classification that needs to be substituted. The average nucleotide identity (ANI) between two genomes seems the most promising method since it mirrors DDH closely. Here we examine the work package JSpecies as a userfriendly, biologist-oriented interface to calculate ANI and the correlation of the tetranucleotide signatures between pairwise genomic comparisons. The results agreed with the use of ANI to substitute DDH, with a narrowed boundary that could be set at Ϸ95-96%. In addition, the JSpecies package implemented the tetranucleotide signature correlation index, an alignment-free parameter that generally correlates with ANI and that can be of help in deciding when a given pair of organisms should be classified in the same species. Moreover, for taxonomic purposes, the analyses can be produced by simply randomly sequencing at least 20% of the genome of the query strains rather than obtaining their full sequence.
T he concept of species was conceived first by Aristotle Ϸ2,400 years ago, and since then taxonomists of all disciplines have been trying to find those premises that would help to circumscribe the biological units observed in nature. Ever since, the idea behind this term has been a topic of considerable interest that has caused great controversy with difficult reconciliation (1) . Prokaryotes are not exempt from this problem, and even the existence of discrete biological units is being questioned (2) . However, for pragmatic reasons, microbiologists need to deal with a classification of the organisms that they isolate. The ultimate goal of taxonomy is to construct a classification that is of operative and predictive use for any discipline in microbiology and that is also essentially stable. From among the serious classifications, spanning nearly one century, taxonomists have obtained a sound system by circumscribing prokaryotes based on their phylogenetic, genomic, and phenotypic coherence (3, 4) .
The early classification of prokaryotes was based solely on phenotypic similarities, but in the late 1960s some genome-based methods were developed to evaluate genomic interrelationships. Among them, DNA-DNA hybridization (DDH) techniques applied to determine crude genome similarities became popular. DDH tended to reproduce and even improve phenotypically circumscribed organism clusters that were considered to be species (3) . Over the years that followed, the construction of the classification system was based on the fact that DDH could reveal coherent genomic groups (genospecies) of strains generally sharing DDH values with greater than 70% similarity (5) . The comparative study of the different methods, prone to distinct experimental error, indicated that the value of 70% could not be used as absolute boundary, but still a gap between 60 and 70% similarity seemed to embrace clear-cut clusters of organisms (6) . Given the large extent of diversity among prokaryotes, the circumscription of each genospecies would, in addition, be dependent on each group being studied (2, 6) . Nevertheless, the use of DDH has mainly driven the construction of the current prokaryotic taxonomy, as it has become the gold standard for genomically circumscribing species. This parameter has had a similar impact in prokaryotic taxonomy as the interbreeding premise that is the basis for the biological species concept for animal and plant taxonomies (1) . In the late 1980's (5), taxonomists already believed that the reference standard for determining taxonomy would be full genome sequences.
Despite being a traditional method, DDH has been often criticized as being inappropriate to circumscribe prokaryotic taxa because of the complex and time-consuming nature of the technique (7), although these are facts that themselves should not be scientific constraints. However, the impossibility of building cumulative databases based on DDH results is indeed a major drawback in the bioinformatics era. For this major reason, the scientific community has expressed the need to substitute DDH by other methods that offer a similar resolution and simultaneously allow the construction of databases that permit the retrieval of any information for comparative purposes (4). The major hope was vested in the use of the 16S rRNA gene as a putative marker for species circumscription (8) , but the conservative nature of the gene did not show enough resolution on such a taxonomic scale. Moreover, single protein coding genes have also been evaluated as substitutes for DDH, and it does in fact seem that for certain groups the resolution power of a given gene may equal the genospecies drawn by reassociation experiments (9) . However, the analysis of the genealogical relationships based on concatenating several housekeeping genes, a technique known as multilocus sequence analysis, has been suggested as the primary approach for substituting DDH (7, 4) . Despite this approach being successful for specific groups, such as Burkholderia spp (10), it has major drawbacks that arise from a putative bias in gene selection and amplification primer availability.
In the era of genomics, in which high-quality genetic information can be retrieved from public databases, DDH seems to be an obsolete approach that urgently needs substitution (4) . Among the different attempts to find an alternative, the average nucleotide identity (ANI) between a given pair of genomes seems currently to be the best alternative for a gold standard. The first attempt to evaluate the meaning of ANI was based on pairwise genome comparison of all shared orthologous protein coding genes (11) . The evaluation showed that the resulting averages reflected the degree of evolutionary distance between the compared genomes, and a value of 94% identity could represent the DDH boundary of 70%. An advance in the comparison that may better reflect the degree of reassociation between the DNA stretches of two ge-nomes, was achieved by comparing artificially sectioned genomes in 1,020 nucleotide fragments with independence, whether or not they responded to real open reading frames (ORFs) (12) . This approach produced similar results as the former method based on predicted protein-coding sequences. Other parameters, such as maximal unique matches (MUM), have been evaluated to circumscribe species (13) . However, despite the fact that this parameter seemed to help in embracing species, given that it correlates nicely with ANI, this method needs to work with fully sequenced genomes and does not work with only draft incomplete genomes.
The aim of this study was to find a way to reconcile the genomic information with the current knowledge on the taxonomy of prokaryotes to recommend an immediate shift from the traditional DDH to the modern ANI parameters. A software tool (JSpecies) was designed that easily allowed the calculation of ANI based on the BLAST algorithm (14) , as well as on the MUMmer ultra-rapid aligning tool (15) . Both methods are evaluated here. In addition, a statistical calculation was implemented in the program based on tetranucleotide frequencies, an alignment-free parameter that has been successfully applied to phylogenetically sort metagenome inserts (16) . Finally, and because all hitherto ANI measurements have been made on complete genome sequences, the use of the pyrosequencing 454 technique was evaluated to obtain random partial genome coverages for evaluating whether stable values can be achieved through a reduction in sequencing costs, as previously required (17) .
Results and Discussion
Taxonomy and the Genome Database. Species descriptions tend to present the genotypic, phenotypic, and sometimes ecologic properties of what has been regarded as a unit by the taxonomist. One of the most important premises when classifying new taxa is the designation of one of the strains as being the type material that should be used as reference for any further taxonomic work. In this regard, it is required that the designated type strain is deposited in two international strain collections to make it publicly available (18) . For any kind of comparative study that implies the use of taxonomic categories (e.g., evolutionary or ecological discussions), it is of the utmost importance to ensure that any observation is made with the type strain, or with material that has been proved by taxonomic studies. However, one of the major drawbacks that taxonomists may find in the current genome database (www.ncbi. nlm.nih.gov) is that it relies on the identification of the strains that have been sequenced. The authors submitting their sequences tag them with a putative specific name together with a strain designation. In most cases, the strain code corresponds to that given in the original isolation, and only about 10% of the entries are tagged with one of the international strain collection numbers.
To track the identity of the deposited strains, all strain designations in the genome database were verified by crosschecking with the Straininfo bioportal (19) and the List of Prokaryotic names with Standing in Nomenclature (LPSN) (20) databases, and those corresponding to species type strains were recognized. Our observations indicated that less than 30% of the sequenced genomes (Ϸ50% of the validly published names listed) belonged to the type strain of the species for which they were identified (Table S1 and  Table S2 ). This fact represents a major problem when trying to implement genomic data into microbial taxonomy. For example, from the Ϸ797 genomes identified with a validly published name, only Ϸ255 were from a type strain. However, none of the remaining 256 validly published names (corresponding to 683 strains) listed as sequenced genomes were represented by the corresponding type strain (Table S1 and Table S2 ). In addition, Ϸ50 listed names had never been validly published (Table S2) . Incorrect identifications will lead to mistaken observations. Perhaps (as will be described below), these sequenced strains are not even members of the species carrying the given name. This major drawback can be overcome by making a sequencing effort to obtain all of the genomes of most of the type material available, an effort that was clearly identified by an ad hoc committee of scientists in 2006 (21) . Once this catalog is achieved, the identification of new organisms as members of a given species may be easily based only on database matches.
ANIb and ANIm. Among the various candidate methods for substituting DDH (4), ANI may be the best choice, as it is the best in silico parameter that could represent DDH, as has been experimentally demonstrated (1, 11, 12) . So far the results on genome comparisons for taxonomic purposes have been made by basing the calculations on BLAST (14) . The pairwise comparisons were preceded by either first finding the shared orthologous protein coding genes (11) or then by artificially cutting the genomes in pieces of 1,020 nucleotide stretches (12) . However, there are new and more efficient algorithms for large DNA sequences, such as the MUMmer software package, for example (15) . This uses an efficient data structure named suffix trees to calculate alignments. These suffix trees can rapidly align sequences containing millions of nucleotides with precision. To facilitate the calculation of ANIb and ANIm, we wrapped both algorithms within the software tool JSpecies that was specially designed to calculate and compare species specific signatures. The calculation time for the evaluation of the ANIm algorithm was shown to be much faster, with nearly similar precision (Fig. S1) . Moreover, the speed enhancement, which is an important factor when it comes to large comparisons, of the ANIm calculation does not require previous slicing of the genomes into pieces or sieving of shared orthologous genes. Hereafter, ''ANIb'' will be used to refer to those results calculated with the BLAST algorithm and ''ANIm'' to those calculated with the MUMmer algorithm.
Both parameters were calculated and the results were compared by determining 200 pairwise comparisons on the available full genomes for which we could obtain DDH values in the literature (Table S3 and SI). Our calculations corresponded to an Ϸ80% increase in data compared with previous calculations (12) . As can be seen in Fig. 1 , the general picture is that both parameters correlate very precisely, especially in the high ANI value zone, where almost no differences between the ANIm and ANIb calculations could be seen. Differences started to be more evident once the compared genomes appeared to be divergent (sharing Ͻ90% ANI). These discrepancies were basically due to the different sensitivity and sensibility of MUMmer over BLAST, as the former is stricter in detecting matches with the default settings (15) . The default parameters used for the results were those that seemed to be best suited for the purpose of the ANI value, to determine whether two organisms were of the same species. In the light of these results, we believe that ANIm provides more robust results when the pair of genomes compared share a high degree of similarity (ANI Ͼ90%). However, as the divergence increases ( Fig.  1, inset) , ANIm is more stringent in the selection of nucleotide stretches for calculation than ANIb using default parameters.
As can be seen in Fig. 2 , most of the results obtained from organisms of the same species (i.e., DDH values Ͼ60-70% and classified as members of the same taxon) shared an ANIm identity of greater than 96%. In this case, we considered the set of species Escherichia coli, Shigella flexneri, and S. sonnei as a single hybridization group that could be considered as a single species (22) . In this regard, it is important to note that, for some cases used for special purposes by taxonomists, they will allow close genospecies to be represented by different taxa, as is the case in maintaining the genus Shigella for medical purposes (23) . In the light of our results, the proposed threshold of 94% ANI as the putative boundary for species circumscriptions is reinforced, and seems to work excellently in mirroring the DDH range of Ϸ60-70%. Actually, the whole database for genomic comparisons of what could be considered as a single species was checked (Table S1 ) and, in most of the cases, all putative groups could be well circumscribed within the ANIm range of 96-97%. A transition zone could be drawn where still high DDH (Ͼ60% similarity) values led to lower ANIm values or vice versa (Fig. 2) . The most remarkable cases were (i) the hybridization group of members of the species Methanococcus maripaludis (24) , where strains C5, C6, and C7 shared DDH values between 64% and 69% with low ANIm values Ͻ91%; or (ii) the pair of species Thermotoga maritima MSB8 and T. petrophila RKU-1 (25) that, despite being divergent in the DDH experiments (Ͻ28% similarity), shared high ANIm values (Ͼ95%). In both cases, which show important divergence from the expected results, it may perhaps be questioned whether there was experimental error in the DDH determinations or whether the deposition of the sequenced strains was incorrect. Nevertheless, altogether, our calculations based on Ϸ85 groups of strains putatively representing single species favor the recommendation to use an ANI boundary of Ϸ95-96% for taxonomically circumscribing prokaryotic species.
Tetranucleotide Signature Frequency Correlation Coefficient. ANI values are based on pairwise alignment of genome stretches. In contrast, statistical calculations of oligonucleotide frequencies among sequence data are a fast, alignment-free, easy-to-implement, and powerful alternative for a number of different applications (26) . Oligonucleotide frequencies carry a species-specific signal, but the evolutionary reasons behind this have not been comprehensive explained so far (27) . Longer oligonucleotide signatures carry more signal than shorter ones (17) , although the former need higher computational power. In this regard, the use of a tetranucleotide usage pattern has been shown to be a good compromise between computational calculation power and a pronounced phylogenetic signal (28) . Here we evaluated tetranucleotide signature frequencies to assess whether an alignment-free genomic feature could be used to circumscribe species. The tetranucleotide calculation was also implemented in JSpecies. The codon usage of each genome type determines a characteristic frequency occurrence for each of the 256 combinations of groups of tetranucleotide sequences. In this regard, it is expected that closely related genomes will show a similar distribution of the usage of these signatures. Pairwise comparisons between genomes can be performed by plotting each corresponding tetranucleotide frequency and then obtaining a regression line. Two very closely related genomes may show very high correlation values where the plotted values follow a clear line (Fig. S2) . However, when the genomes show a certain degree of divergence, the plotted values show higher dispersion, and the correlation tends to decrease.
A total of 536 pairwise comparisons were determined among the sequenced genomes in groups of strains putatively belonging to the same species (Table S1 ). We analyzed the correspondence between the ANIm values and the tetranucleotide frequency correlation coefficients (TETRA) to evaluate the usability of the latter parameter (Fig. 3) . As can be seen for most of the intraspecific results, when considered with ANIm values above a 96% identity, they corresponded to very high correlation coefficients Ͼ0.99 (triangles). However, there were still cases (6% of the determinations) for which, despite the ANIm values indicating a certain genome divergence, the signature usage was still highly correlated. An explanation could be that evolutionary or environmental forces (29) may impede modifications in the genome signature despite the fact that genetic drift may occur. The rare opposite cases (Fig. 3) in which high gene identities (ANIm Ͼ94%) were related to very low TETRA correlations are more difficult to explain. The only case found was Acinetobacter baumannii strain SDF (Table S1 ) that showed high ANIm values (Ͼ97%, similarly to ANIb values, not given) with the rest of the genomes, but TETRA values very divergent (Ͻ0.96). However, this strain just aligned about 60% with the remaining genomes, whereas the rest aligned with each other with values above 85%. The difficulties in aligning are perhaps due to intrinsic characteristics of the genome that might be related to lifestyle (30) . It is important that the amount of aligned sequence be taken into account. The example of relative TETRA divergence but high ANI between Pyrobaculum spp. strains DSM 4184 and IM2 is explained, as ANIm was calculated by using just Ͼ2% of the genome sequence, and thus this value might have been a result of casualty. It is clear from the TETRA value that they cannot be placed in the same taxon. A priori, TETRA values can be an important help in deciding whether a group of strains can be placed in the same species. In this regard, and as a general observation, TETRA values Ͼ0.99 may support the species circumscription based on the ANI range Ͼ95-96%, but both values should agree. Despite the fact that TETRA may show more fuzziness than ANI, use of the former can be of much help to sieve results on large datasets before the ANI calculation. Further genome sequencing efforts will help in evaluating whether alignment-free parameters are of use in taxonomy and will also clarify the outliers found in the calculations.
Checking the Genome Database. From the available genomes present in the downloadable database at the NCBI (www.ncbi.nlm.nih.gov), we recognized 567 single names representing 511 validly published species (Table S1 and Table S2 ). Among them, only 255 (45% of the cases) were represented by their type strain. We surveyed the genomic coherence of each single species that was represented by two or more strains in the database and calculated their ANIm and TETRA values (Table S1 ). According to the results, most of the groups of strains sharing the same specific name appeared to be putatively coherent species by sharing ANIm and TETRA values above the threshold recommended for the circumscription of the taxon. However, we could detect cases in which one or more strains exhibited values to the type strain of the species (or the reference strain if the type strain was absent) below the specific threshold recommended. The strains highlighted in bold in Table S1 , such as Bacillus cereus subsp. cytotoxis NVH 391-98 (with TETRA/ANIm of 0.97949/85.33), Rhizobium etli CIAT 652 (with TETRA/ANIm of 0. 99881/90.44), or Xanthomonas campestris pv. vesicatoria str 85-10 (with TETRA/ANIm of 0. 99277/87.6), seem to be wrongly placed in their taxa because of the low similarity to their corresponding type strains. In these cases, the belief that the name truly indicates their affiliation may lead to questioning of the parameters used to circumscribe species (13, 27) , rather than to questioning the real identity of the sequenced organism. For example, in the first case, it was tempting to classify strain NVH 391-98 as a new species of Bacillus (31, 32), but this was never formally proposed. However, the other cases may simply correspond to insufficient identification efforts based on phenotypic traits (33) . These are just some of the examples that can be detected in the database that may lead to incorrect conclusions. Such observations are of the utmost importance when discussing any comparative genomic study, especially if it deals with important evolutionary, ecological, or taxonomic principles. This is evidence that a name given in a database does not necessarily mean a correct placement and thus the observations should be carried out cautiously.
Pragmatic Approach for Constructing a Stable Taxonomy Based on
Genome Data. Taxonomy, besides its importance in the biological sciences, is still a scientific area of a minority among the scientific community. In general, taxonomic studies are only occurring only as side activities of other major projects for which little financial support exists. Taxonomists deserve the construction of a taxonomy that is fast, database based, stable, and, especially, inexpensive. The primary success will be the achievement of a complete database of all almost closed genomes of all type strains of the classified species (21), for which one would need only to calculate the ANI and TETRA values with the accessible data. However, this will be achieved in the midterm if we consider that all type species still have not had their 16S rRNA gene sequenced (34) . For this purpose, we evaluated the approach of calculating ANI and TETRA values based only on a random 454 reads that only partially covered the genomes to be analyzed. Achieving stable ANI and TETRA values by a rough set of Ϸ250 nucleotide stretches will importantly reduce the sequencing costs when trying to circumscribe species.
To evaluate a relatively inexpensive approach to whole genomics, we have partially sequenced a set of strains for which our group had previously obtained DDH values (35, 36) . For this, each genome was tagged with a different multiplex identifier for 454 libraries (Roche Applied Science), and the pooled libraries were randomly sequenced to obtain 123,210 reads covering Ϸ27.4 Mb (Table S4 ). The mean of the fragments obtained was Ϸ221.9 nucleotides, and for each single strain the number of reads ranged from 8,100 to 33,000. A remarkable drawback of the approach was the fact that 31-36% of the reads were multiple copies of identical sequences. The final sieved results rendered between 4,500 and 17,000 single unique reads. This last point should be taken into consideration, as the sequencing effort needs to be almost duplicated until the bias is solved by the company producing the sequencing kits. In addition, we included as an internal control the DNA from E. coli strain K12 that accounted for Ϸ3,158 reads covering Ϸ0.7 Mb (Ϸ15% of the genome). The results obtained were clear and satisfactory. For example, just by sequencing 15% of the K12 genome (substr. MG1655), we could obtain a clear and stable ANIm value when comparing the partial sequence with its full genome.
On the other hand, the set of partially sequenced Vibrio spp. or Afifella spp. did not have representatives in the database for comparison. The results obtained (Table S5) were also satisfactory for the set of sequences analyzed and comparable with the DDH values obtained. Within the Vibrio spp. group, ANIm values of Ϸ97% corresponded to ⌬Tm measurements of 1.1°C, and the ANIm of Ϸ78% with ⌬Tm of about 7°C (35) . Despite the fact that we did not have reassociation percentages, these negatively correlated with ⌬Tm and the species threshold could be set at Ͻ5°C (3). In addition, the results based on the set of Afifella spp. were coincident with the ANI thresholds evaluated for species circumscription. The partial sequence comparisons of DDH values of 86-89%, 51-57% and 20% (36) correlated with ANIm values of 97.6%, 92.5% and 83-84%, respectively, and agreed with setting the threshold for circumscribing species at an ANI of 96%. In addition, even though it may seem trivial, the Vibrio spp. set of DNAs was isolated Ϸ12 years ago and kept frozen at Ϫ80°C. Despite this, we could not detect any problems in the quality of the results, and thus this supports the initiatives of organizing DNA banks as promoted by the DNA Bank Network. Given that the fully sequenced closest relatives to our set of strains (34) harbored a genome with a size ranging between 4 and 6 Mb (www.ncbi.nlm-.nih.gov), our partial sequencing rendered at a minimum coverages ranging from 16% to 25% of their genomes. However, despite the low coverage on the Vibrio sp. strains, the interspecies pairwise comparisons rendered nearly identical ANI results (87.16-87.93; Table S5 ), well in accordance with ⌬Tm Ͼ7°C. On the other hand, the calculation of the TETRA values showed irregularities when using only draft genomes. For example, the partial random sequence set of E. coli K12 (substr. MG1655) showed a decreased TETRA value of Ϸ0.96 when using the raw data and Ϸ0.97 when sieving the 30% sequence multiple identical copies. Similar observations were obtained within the partially sequenced Vibrio spp. group, but not within the alphaproteobacterial group studied (Table S5 ). The discrepancies are most likey due to the 454 sequencing errors (37) . However, an additional source of TETRA biases could arise from using a large number of short fragments that are submitted to calculation. Reducing the number of fragments by increasing the length of the contigs may diminish the bias in TETRA calculations.
As partial sequencing may be the short-term approach to follow while waiting for a reduction in sequencing costs, we wanted to recommend the minimal sequencing effort to achieve reliable results. The number of aligned stretches decreases arithmetically with their ANI values (Fig. 1, inset) . Thus, equivalent partial sequence sets of similar genomes will render larger aligned stretches than those that are more divergent. As can be deduced from random comparisons with partial sequences of organisms with different ANI values (Fig. S3) , the reliability of the results will depend on the coverage and genome identities. A good compromise now, for taxonomic purposes, will be the recommendation of random sequencing of at least 20% of the genomes of the query strains. For highly similar genomes (i.e., values Ͼ94% ANI), with expected aligned stretches close to 4% of their genome sizes, the results may be already reliable, although lower coverages may lead to confusing results. However, reaching at least 50% of genome coverage for both strains, the expected aligned stretches may be close to the 25% that guarantees the values ranging in the species ANI thresholds. In any case, one has to be aware of the artifacts that may be generated by the new sequencing technologies (37) and increase the sequencing efforts.
Circumscribing Uncultured Species. One of the major constraints of current taxonomic activities is the need to culture the strains that are to be classified. The need arises from the fact that taxonomically workable information can simply be retrieved by manipulating pure cultures in the laboratory. However, for the first time, genomics presents the possibility of obtaining high-quality genomic information by purifying unculturable cells from their original environment (38, 39) . To evaluate whether ANI and TETRA would help in advancing the circumscription of uncultured organisms, we compared the available Buchnera aphidicola and Wolbachia spp. endosymbiont genomes (Table S6) . The results obtained indicated that, based on ANI and TETRA values, only these endosymbionts of the aphid Acyrthosiphon pisum (strains 5A, Tuc7 and APS) (38) can be considered members of the same species, as they share ANIm values Ͼ99%, whereas the endosymbionts originating in other species of aphids (strains Cc, Bp and Sg; 40-42) may each represent single independent species because pairwise ANIm values were always Ͻ87%. The same observation applies to the Wolbachia spp. genomes analyzed, as it seems that just those infecting Drosophila spp. may be considered for the same species. The results agree with the fact that these organisms diverged Ϸ50-70 million years ago, and, despite a highly conserved genomic architecture, their genetic divergence has followed similar rates compared with those of other free-living organisms (42) . These observations appear to be fully in accordance with the host-cospeciation theory (43) ; and the reclassification of the species in at least several independent taxa appears to plausible and, perhaps, in the future, a taxonomically accepted activity.
Shifting the Gold Standard for Prokaryotic Species Circumscriptions
Based on Genomic Data. The extent of diversity of prokaryotes is difficult to evaluate given, their incommensurable cell abundances and ecological niches where they thrive (44) . However, the current species catalog of Ϸ8,000 validly published names (34) is far from the estimated actual number of classifiable taxa, which is expected to be several orders of magnitude higher (44) . The species concept for prokaryotes has been constantly criticized because it does not fit with the views that different scientists approach in their understanding of what this category means (1-4, 6, 7, 22, 45) . The main problem is not the concept itself (1, 6) but its definition (i.e., the parameters to circumscribe species used). In this regard, DDH has been criticized as being too conservative, embracing multiple species from the point of view of ecologists or evolutionary microbiologists (1, 6, 7, 22, 45) . However, there is a conflict between the desire to construct a universal taxonomy and the achievement of an accurate definition that reflects evolutionary and ecological constraints (1, 6) . Prokaryote taxonomy must be established by taking into account both genomic and phenotypic information (8) . Narrowing the species boundaries could lead to difficulty regarding the main purposes of taxonomy: namely, operationality and predictivity. For pragmatic reasons, finding standards to circumscribe species is required to speed up the process of cataloging prokaryotes. It is foreseen that once a stable framework for classifying prokaryote species is achieved, the views of taxonomists, ecologists, and evolutionary microbiologists may be easier to reconcile.
Genomics has brought an important advance to the species definition. The comparative efforts undertaken to evaluate ANI as a mirror for DDH led us to ascertain that ANI, with the support of TETRA values, is the parameter that can immediately substitute for DDH. We have demonstrated that ANI can be calculated only by partially sequencing the query strains by at least 20% of their genome or by producing an alignment equivalent Ͼ4% of their genome sizes. However, reaching 50% of the genome coverage is recommended. The ideal situation will be the achievement of a complete database of all type strains of the validly published species (21) , which would simplify the recognition of a strain as a member of a given species and reduce the sequencing effort.
Assuming that ANI is to be successful as an alternative to DDH, it would seem that 95% would be a plausible and narrow enough threshold to help in circumscribing prokaryotic species. In light of our study, this threshold could even be raised to 96%, as most of the clear genospecies evaluated fell within this range. Narrowing the genomic circumscription of species (2) would obviate the need for discussion in areas such as the consideration that some Neisseria species cluster as a single ''fuzzy species'' (45). Our calculations with the deposited genomes of N. gonhorroeae and N. meningitidis (Table  S6) show that both groups of strains are distanced by Ͼ5% ANIm. Thus, by strengthening the species boundary to 96%, the classification of both species as different taxa would be justified. On the other hand, special-purpose classifications such as as Shigella spp./ Escherichia coli (Fig. 2) , or Burkholderia mallei/pseudomallei and Bordetella bronchiseptica/parapertussis/pertussis (Table S6) , which share ANI values that would indicate taxonomic synonymy, should be maintained just for medical purposes (6, 23) .
We think that it is already time to shift the circumscription gold standards from the traditional DDH to a partial or better full genome sequencing approach. The 95-96% ANI threshold can be readily used as an objective boundary for species circumscription, especially if it is reinforced by high TETRA correlation values. From our observations, it seems that a fuzzy gap exists at this ANI range that can help in circumscribing clusters of organisms that can be assumed to be species (Fig. 2) . However, narrowing the boundary to higher identities for a less conservative definition seems not to be pragmatic, as no clear gap is observed. ANI will serve for classifying not only cultured prokaryotes but also for those uncultured strains that exhibit enough additional characters (e.g., ecological, physiological) that allow their identification. The concerns raised by an ad hoc committee several years ago (4), encouraging efforts to substitute DDH, now seem to be nearly addressed. Consequently, it is foreseen that, in the short term, DDH will be an ''emeritus'' taxonomic tool.
Materials and Methods
DNA Extraction and Sequencing. Eight organisms were selected to perform a random partial genome pyrosequencing approach. These included three members of the Gammaproteobacteria phylum (35) : Vibrio aestuarianus strain LMG 7909 T , V. scophthalmi strain A089 T and V. scophthalmi strain A107; and four members of the Alphaproteobacteria phylum (36): Afifella marina strain DSM 2698 T , A. marina strain C3, ''Rhodopseudomonas julia'' strain DSM 11549 (pending reclassification to the genus Afifella; 36), and Rhodobium gokarnense strain DSM17935 T . Furthermore, Escherichia coli K-12 (substr. MG1655) was used to study the behavior and composition of the pyrosequencing reads. DNAs from V. scophtalmi strains A089 T and A107, and V. aestuarianus LMG 7909 T were isolated in 1996 with the procedure indicated by Cerdà -Cué llar et al. (35) and kept for about 12 years at Ϫ80°C. DNAs of the Afifella spp. strains DSM 2697 T , C3 and DSM 11549, as well as Rhodobium gokarnense DSM 17935 T and E.coli K12 (substr. MG1655), were freshly obtained for this study following the procedure previously reported (36) . Sequencing was carried out by ''lifesequencing'' using the Genome Sequencer FLX System, 454 sequencing instrument (Life Sciences).
Database Information. All publicly available genome sequences used in this study were obtained from the National Center for Biotechnology Information (NCBI). The genome information was taken directly without removing plasmids or any other DNA stretches.
Software Development. The JSpecies software tool was primarily designed to analyze and compare innerspecies boundaries between genomes, draft genomes, or partial random genome sequences. JSpecies offers a graphical user interface to assist microbiologists in the exploration of intergenome similarities. JSpecies is written in the platform-independent, object-oriented programming language Java. It can be started using the Java Web Start technology, which automatically downloads and installs the software locally. This ensures the user will always obtain access to the latest version available. Alternatively, it can be downloaded and installed manually. To calculate species relationships, two additional software packages need to be locally installed: BLAST (14) and MUMmer (15) . Unfortunately, the MUMmer software is not available for any Microsoft operating systems. JSpecies is freely available from the project web site, where further information and documentation about the tool and how to use it is provided.
BLAST Calculation of ANI (ANIb).
The calculation of ANI values was implemented as described by Goris et al. (12) .
MUMmer Calculation of ANI (ANIm)
. ANI values were calculated by using the MUMmer software, in particular the NUCmer (NUCleotide MUMmer) tool (15) . NUCmer allows DNA sequence alignments to be processed for multiple reference and query sequences. MUMmer was used with standard parameters if not otherwise stated. The tool produces two output files, and the ''.delta'' file was used for further processing. The .delta file is an encoded representation of the all-vs.-all alignment and was generated by using the default options if not otherwise stated. The .delta file lists the distance between insertions and deletions that produces maximum scoring alignments between sequences. It provides seven values, the start and end in the reference, and the start and end in the query, respectively, the number of errors (nonidentities ϩ indels) and similarity errors (nonpositive match scores). To calculate the ANIm, the number of similarity errors was subtracted from the alignment length to receive the percentage nucleotide identity within all alignments. The value was summed for each entry in a multiFasta.
Calculation of Tetranucleotide Frequencies and Correlation
Coefficients. This was implemented into JSpecies based on a previously described algorithm (16) .
